The principal epidemiologic evidence that environmental tobacco smoke (ETS) increases the risk of lung cancer in (lifelong) nonsmokers is from studies of nonsmoking women married to smokers.
There is considerable evidence that exposure to environmental tobacco smoke (ETS) poses a risk of lung cancer to nonsmokers (defined as lifelong nonsmokers) based on the relationship between active smoking and lung cancer, the presence of known and suspected carcinogens in ETS, and evidence from epidemiologic studies showing an increased risk of lung cancer to nonsmoking women married to smokers (1) . Given an association between spousal smoking and lung cancer incidence in nonsmokers, it is reasonable to expect an association between occupational exposure to ETS and lung cancer in nonsmokers as well.
Unlike studies of exposure to spousal smoking, however, where the number of cigarettes smoked per day by the husband is a common surrogate for ETS exposure, it is difficult to measure occupational exposure and to make comparisons across studies. Additionally, the number of studies with direct observations on occupational exposure is limited and some are from outside the United States where occupational exposure to ETS may differ from that inside the United States. Statistically combining the outcomes from these studies (metaanalysis) has produced varied results, with only one study reporting a significant risk of lung cancer from occupational exposure to ETS (2) .
For the safety and protection of nonsmokers who may be exposed to ETS in the workplace, it is imperative to gain a better understanding of the potential lung cancer risk associated with occupational exposure to ETS. Toward that end, the current analysis brings to bear the results of those epidemiologic studies on nonsmoking women married to smokers that contain exposure-response data (i.e., where presence/absence of lung cancer in study participants is categorized by the number of cigarettes smoked per day by the spouse). Exposure-response relationships are calculated for individual studies using regression analysis and then combined across studies by methods for meta-regression. The assumption is made that the expected value of the natural logarithm of relative risk [ln (RR) ] is proportional to the number of cigarettes smoked by the husband.
The exposure-response model for the U.S. studies alone is extrapolated to risk from occupational exposure to ETS, which requires a second assumption: Among nonsmoking women exposed to ETS at home (married or not), the excess risk attributable to the mean exposure at home, as determined by measures of serum cotinine, is equal to the excess risk from spousal smoking at the average rate of adult male smokers-about 24 cigarettes/day. ETS exposure in the workplace, relative to the home, is then determined from data on serum cotinine as well and from data on airborne nicotine collected by personal monitors. In principle, the current approach extends that of Hackshaw et al. (3) . Their objective was to estimate the risk of lung cancer in nonsmoking women married to smokers by linear extrapolation from the exposure-response relationship for smokers. Our objective is to estimate the risk of lung cancer from ETS in the workplace by extrapolation from the exposure-response relationship for nonsmoking women married to smokers. The value of this method is that it adds a new approach with different data to estimation of risk from ETS in the workplace and contributes to the growing pool of evidence on this important topic.
Methods
A search of former reviews and electronic databases located 18 epidemiologic studies with data relating lung cancer in nonsmoking women to the number of cigarettes smoked per day by the husbands. No attempt was made to locate unpublished manuscripts or data published in conferences/meetings that might minimize potential publication bias. Two criteria were used for inclusion of studies: a) the study was not conducted in a locale where other indoor pollutants might mask an ETS effect; b) the description of the study suggests adequate attention to design, execution, and interpretation of data. Criterion a) eliminated two studies (4, 5) , and Criterion b) eliminated two more (6, 7) . Studies by Wang et Within a given study, the RRs [and hence the ln(RR)s] at different exposure levels within a study are correlated because they use the same referent group (8) . If that correlation is ignored, the slope of the regression for ln(RR) will still be unbiased, but its standard error will be biased downward. This means that the variance of the slope-the standard error squared-will tend to be understated and the inverse of the variance, used to determine the weight of the slope when pooled across studies, will tend to be overstated. The available studies do not include the correlations of RRs, which are usually adjusted for potential confounders; thus, the correlation of RRs, or their logarithms, cannot be calculated directly. A method outlined in Berlin et al. (8) and described fully by Greenland and Longnecker (9) adjusts for within-study correlation when the study observations (crude data) are available. This method was applied to studies that included crude data. In general, the effect of the adjustment was small.
The combined slope estimate for each country was obtained by weighting the estimate for each study inversely proportional to its variance. As an example, three U.S. studies could be corrected for within-study correlation (10) (11) (12) , but the corrections had little impact on the combined estimate of the slope (0.0153 and 0.0149) and their standard errors (0.0042 and 0.0038), respectively. When the two uncorrected U.S. studies (13, 14) were added, the combined slope estimate was reduced slightly to 0.0120 (standard error 0.0034). For (Hole) .
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The weights used for combining study results within countries and the weights used to combine those results across countries are expressed as percentages in Table 1 . For example, for Greece, the study by Kalandidi (17) . The parameter values used with that method are marriage aggregation factor, 3.5; proportion of misclassified smokers, 7%; true relative risk of misclassified smokers, 4 . An upward adjustment in RR is then calculated for ETS exposure of the referent group, using the method described in Appendix A.
The extrapolation of risk from nonsmoking women married to smokers to nonsmoking women occupationally exposed is based on the prediction model for the United States and the NHANES III data (18) on serum cotinine levels (used as a biomarker of ETS exposure). From this relationship between the number of cigarettes/day smoked by the husband and levels of cotinine, the prediction model can be applied to estimate risk from cotinine levels alone. Data on serum cotinine and on airborne nicotine collected by personal monitors are used in this way to estimate risk from ETS in the workplace.
The referent group at this point is nonsmoking women not married to smokers.
(Some studies included unmarried nonsmoking women as controls.) Unlike spousal smoking, in which there is a concordance between the smoking status of husband and wife, no adjustment appears to be needed for smoker misclassification in assessing risk from ETS at work. The same adjustment is made for ETS exposure of the referent group, however, because the referent group is the same as for spousal smoking. Based on personal monitoring of nicotine, the 95th percentile for nicotine exposure at work exceeds the 95th percentile from exposure at home. The same model-based procedure described above, including adjustments for misclassification and ETS exposure of the referent group as applicable, is applied to compare excess risks at the 95th percentiles of exposure attributable to spousal smoking and to occupational exposure.
Results Figure 1 shows the meta-regression for each country and for all countries combined. There is no evidence of within-country or betweencountry heterogeneity. The (14, 32) . The difference in outcomes probably results from the slightly different composition of studies that was used. Hackshaw and colleagues used four studies not included here (4-7), whereas two studies are used here that Hackshaw did not include (19, 20 It may be useful to examine the five studies for the United States a bit further for their relative influence (as indicated under the "weight (percent)" column in Table 1 ) and for some of their specific characteristics. The two cohort studies (10, 14) and one of the three remaining case-control studies (11) account for 93% of the total weight; the two remaining case-control studies (12, 13) account for only 4.7and 2.3%, respectively. None of the studies includes former smokers except for Humble et al. (13) , which adjusts for them in the statistical analysis. Controls are reasonably comparable to cases in the case-control studies. In Garfinkel et al. (11) , controls were from the same hospitals as cases and matched on age; in Kabat et al. (12) , controls were matched to cases on age, sex, race, hospital, and year of interview; in Humble et al. (13) , controls were randomly selected from telephone sampling and from Medicare participants and frequency-matched to cases (1.2 controls per case) by sex, ethnicity, and 10-year age category. All five studies attempted to restrict cases to primary lung cancer. All cases were diagnosed or confirmed by histology in two studies (11, 12) and to varying degrees in the remaining three studies.
The exposure-response model from the combined U.S. studies, InRR= 0.012X [2] where 25, 123) .
From the serum cotinine data of the NHANES III survey, as described and analyzed by Pirkle et al. (25) , the mean difference in cotinine levels of persons exposed at home and those not exposed at home is 0.5576 ng/mL; among those who work, the mean difference between those exposed at work and those not exposed at work is 0.2343 ng/mL (see Appendix A). For serum cotinine as a biomarker of exposure to ETS, these figures suggest that for those exposed at work, the level of exposure at work is approximately 42% (0.2343/0.5576 = 0.42) of the level of exposure at home for those exposed at home.
Again, among nonsmoking women exposed to ETS at home (married or not), it is assumed that the excess risk attributable to the mean exposure at home, as determined by measures of serum cotinine, is equivalent to the excess risk from spousal smoking at the average rate of adult male smokers. The average rate of adult smokers is about 24 cigarettes/day, so for those women exposed to ETS at work, the average exposure from the workplace is roughly equivalent to the exposure from the home where the husband smokes about 0.42 x 24 = 10 cigarettes/day. From the exposure-response model in Equation 2 , the estimated RR at 10 cigarettes/day is 1.13 (excess risk 13% [95% CI = 4, 21] ). (It may be noted that the referent group is nonsmoking women married to nonsmokers).
There is a paucity of data on whether estimates of risk from ETS at work are biased from smoker misclassification and if so, what downward adjustment may be needed for correction. A bias would result if working misclassified smokers (typically former smokers or light current smokers who report themselves as lifelong nonsmokers) are more apt to be occupationally exposed to ETS than working women correctly reporting themselves as lifelong nonsmokers. In the absence of evidence to the contrary, there is assumed to be no bias from smoker misclassification for occupational exposure.
Occupational exposure to ETS varies considerably across workplace environments. Using personal monitors, Jenkins et al. (26) found that for most subjects, total exposure to nicotine or respirable suspended particles is higher in the home than in the workplace, for unrestricted smoking in either place. The 95th percentile for nicotine exposure at work, however, exceeds the 95th percentile for home exposure. Continuing to assume that home ETS exposure levels are proportional to cigarettes/day smoked by the spouse, the nicotine measurements in Jenkins et al. (26) are now used as a marker of ETS exposure because of lack of data on serum cotinine. The RR for the 95th percentile of exposure at work exceeds 1.72 (excess risk 72% [95% CI = 27, 132]), which is the prediction for spousal smoking at the 95th percentile of the number of cigarettes/day smoked by adult males prior to adjustment for smoker misclassification.
Individual studies of nonsmoking women married to smokers have typically adjusted their estimates of RR for some mix of confounders and risk modifiers but not for ETS exposure of the referent group (which arises because the referent group-nonsmoking women married to nonsmokers-is still exposed to some ETS from various sources). Discussion related to exposure of the referent group may be found elsewhere (1, 3, 27) ; the method used here is described in Appendix A. Based on comparison of urinary cotinine levels of nonsmoking women whose husbands smoke and those whose husbands do not smoke, an increase of about 11% is made to adjust for ETS exposure of the referent group, i.e., to make the risk relative to the risk from background (non-ETS) causes (see Appendix A).
Adjusting RRs upward by 11%, the predicted excess risk for a nonsmoking woman whose husband smokes 24 cigarettes/day is 39% (95% CI = 5, 65). At the 95th percentile of exposure, the adjusted excess risk is 85% (95% CI = 32, 156). Adjusting the excess risk at an average occupational level of ETS (assumed to be equivalent to exposure of a woman whose husband smokes 10 cigarettes/day) makes it 25% (95% CI = 8, 41). At the 95th percentile of occupational exposure, based on the nicotine data in Jenkins et al. (26) , the adjusted excess risk is 91% (95% CI = 34, 167). The CI values are wide, contributing to uncertainty in comparisons.
That observation notwithstanding, it appears that excess risk from ETS in the workplace is lower (by perhaps one-third) than that from spousal smoking at typical exposure levels. However, at the high end of exposure levels in both environments, the excess risk from occupational exposure is comparable to or higher than that from spousal exposure.
Discussion
Occupational exposure to ETS varies widely and is difficult to assess quantitatively aside from cotinine samples or from data collected on personal monitors. Current epidemiologic data on lung cancer and ETS exposure at work are largely from studies that have included questions about exposure to ETS at work in addition to that at home. A recent review and meta-analysis by Wells (2) found 14 studies that contained potentially useful data on lung cancer and exposure to ETS at work. The five studies that satisfy his selection criteria indicate a combined excess risk of 39% (95% CI = 15, 68), slightly above the 30% (95% CI = 9, 55) from the same five studies for women exposed to spousal smoking. At least five other metaanalyses have found no increased risk from occupational exposure, a discrepancy for which Wells offers an explanation. The estimates in Wells (2) and the current approach are reasonably close, considering the differences in data and methods.
The current approach indirectly brings data on spousal smoking to bear on the problem of estimating lung cancer risk from ETS in the workplace. There are several weaknesses, however, that should be clearly identified. It is assumed that the RR from spousal smoking is reasonably well described by Equation 1 , i.e., that the expected value of ln(RR) is proportional to the number of cigarettes/day smoked by the spouse. Although this model seems to provide an adequate description of the exposure-response data, it is still an approximation. There might be other models that fit the data as well or better. Study characteristics not examined might also have some influence, e.g., study design (case-control/cohort) or year of publication.
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Changes in smoking habits in recent years may reduce the reliability of current spousal smoking as an indicator of past ETS exposure. People are now more aware of the potential hazards of passive smoking and may smoke less or be more likely to smoke outdoors.
RR undoubtedly depends on duration as well as intensity of exposure to tobacco smoke, but no data are available where exposure jointly includes both intensity and duration. The measures of occupational exposure to ETS, such as urinary or serum cotinine and personal monitoring of nicotine, necessary to the current approach pertain only to exposure intensity. An implicit assumption is that the durations of ETS exposures from spousal exposure and from the workplace are comparable.
For practical purposes, nicotine from tobacco smoke is the only source of cotinine in body fluids. Although not ideal, cotinine is a widely accepted biomarker of recent ETS exposure in nonsmokers. But it is also important to recognize that nicotine and cotinine are only proxy markers for the active agents in ETS that elicit lung cancer. As described previously, the excess risk attributable to nonsmoking women (married or not) at the average serum cotinine level for those exposed to ETS at home is assumed to equal the excess risk from spousal smoking at the average adult male smokers' rate ofabout 24 cigarettes/day.
Dietary differences between nonsmokers exposed to ETS and those unexposed are possible confounders that have not been taken into account (1, 3) . The possibility arises from evidence that diets low in fruits and vegetables are associated with a higher risk of lung cancer and studies showing that smokers eat less of those foods than nonsmokers. A dietary effect would be difficult to assess, however, and even more difficult to quantify with any degree of confidence. The U.S. EPA report (1) [3] where ZX is the excess risk of women with husbands who smoke relative to background risk, and Z > RR > 1. The solution for 1 + X for known Zand RR is 1 + X= (Z-1)/(Z-RR).
[4]
Using urinary cotinine as an index of uptake of ETS, the cotinine levels in women exposed to spousal smoking are about three times those without spousal exposure. Then assuming that the excess risk (relative to background) is approximately linear to uptake of ETS for this calculation, the value of Z in Environmental Health Perspectives * Vol 107, Supplement 6 * December 1999 Equation 3 is about three. To be consistent with the way Z was constructed, the value of RR at Z = 3 should be the risk of women married to smokers relative to that of women not married to smokers. As noted in the section of results, estimates of RR in the United States have varied from about 1.10 to 1.30. Over that range for RR, the solution to X in Equation 3 ranges from 0.05 to 0.18. The value of X corresponding to RR = 1.20, X= 0.1 1, is used in the current analysis. The corresponding multiple to adjust for ETS exposure of the referent group is then 1 + X= 1.1 1.
